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COIWENTS ON A PAPER 

BY R.G. FOWLER AND JAFAR HASHEMI 

"NEUTRONS AS AN ENERGY SOURCE FOR THE SOLAR CORONA" 

Fowler and Hashemil have r e c e n t l y  hypothesized a 

coronal  h e a t i n g  mechanism, which depends on the  r ad ioac t ive  

decay i n  t h e  corona of neutrons produced i n  t h e  photosphere, 

w i t h  the  subsequent energy loss of the  charged decay fragments. 

W e  w i s h  t o  p o i n t  o u t  t h a t  t h e  ex i s t ence  of a photospheric  

neutron f lux ,  of the magnitude hypothesized, would be 

detectable through observa t ion  of a f l u x  of 2.22 MeV 

neutron-proton c a p t u r e  gama r a y s ,  emanating from t h e  

o u t e r  %20 gms/cm2 of the  photosphere. 

t h e  expected cap tu re  gamma r a y  f l u x  based on the  modell 

i n  ques t ion  i s  s e v e r a l  orders of magnitude larger than 

c u r r e n t  experimental  f i nd ings  on t h e  continuous and spo- 

radic emission of t h e  2.22 MeV gamma r a y  l i n e  from t h e  

0 

W e  w i l l  show t h a t  . 

Sun would i n d i c a t e .  

The basic neutron producing r e a c t i o n  assumed by 

Fowler and H a s h e m i l  is  2H(d,n) H e ,  which y i e l d s  neutrons 

w i t h  2.4 MeV k i n e t i c  qnergy. 

5 k e V  energy r equ i r ed  for  their  coronal  model, the  neutrons 

must pass  through about 2 gm/ cm2 of hydrogen i n  the photosphere. 

3 

I n  order t o  slow down t o  t h e  



* T h i s  cond i t ion  would pu t  t h e  source uf the  DD neutrons a t  

a depth of ~ 3 5 0  km below t h e  photosphere,  where t h e  

temperature2 i s  ~8300*K, t h e  hydrogen dens i ty2  i s  $1.5 x 1 0  

m d  t h e  B/II concentra$isn r a t io ’  may be as large a~ 2 x 1 0  

The nuc lear  r e a c t i o n s  are presumed to  be non-thermal wi th  

t h e  deuterons accelerated i n  numerous pinch e f f e c t  i n -  
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s tab i l i t i es  occur ing  j u s t  under t h e  photosphere. T h i s  

mechanism i s  analogous t o  the process  producing neutrons 

i n  l i n e a r  pinches observed i n  t h e  c o n t r o l l e d  thermonuclear 

research program3. Fowler and H a s h e m i l  have c a l c u l a t e d  
-2s-1 a t o t a l  neutron f l u x  i n p u t  of 1.7 x l o l l n e u t r o n s  c m  

i n t o  t h e  base of t h e  corona, by ba lanc ing  the  t o t a l  energy 

l o s t  by the  c o r o n a ( a t  1 A . U . )  w i t h  t h e  t o t a l  energy i n p u t  

0 a t  the  base of  t h e  corona from the neutron decay energy. 

T h i s  leads t h e  authors’  t hen  t o  a t o t a l  ( e s s e n t i a l l y  con- 

t inuous)  emission rate from the  Sun of neutrons/s .  

I n  order t o  estimate t h e  cap tu re  gamma ray  f l u x  expected,’ 

w e  w i l l  cons ide r  an i d e a l i z e d  geometry i n  which a source 

l a y e r  of th i ckness  &, located j u s t  under t h e  photospher ic  

edge, is e j e c t i n g  neut rons  of energy Eo (2.4 MeV) a t  a ra te  

Q(Eo)  cmo3s  uniformly around the Suq.  

/ 

T h e  neutron f l u x  p e r  
/--- 

1 

- 2 -  



u n i t  energy due t o  t h e  source Q i s  C$ (E)  = Q/E C s  (E) (cm-2s-1MeV-1) I 

where E i s  t h e  neutron energy a f t e r  some number of s c a t t e r i n g s  

and Cs(E) = nos i s  the energy dependent macroscopic neutron 

s c a t t e r i n g  cross s e c t i o n  for hydrogen. Th i s  express ion  i s  

% 

- 

given by Amaldi and Fermi4 for  t h e  case of no capture .  However, 

f o r  hydrogen the  cap tu re  cross s e c t i o n  i s  always very  small 

compared t o  the s c a t t e r i n g  cross s e c t i o n ,  even a t  thermal  

ene rg ie s ,  so t h a t  the  above spectrum may be used fo r  

c a l c u l a t i n g  t h e  cap tu re  rate o r  e q u i v a l e n t l y  t h e  2.22 MeV 

gamma r a y  product ion rate. The cap tu re  ra te  (Rc)  fo r  t h e  

neutrons t r a v e l i n g  deeper i n t o  the photosphere may be ex- 

pressed  approximately as 
TEo 

where u 

fo r  neutrons i n c i d e n t  on 

(E) = k’E’li2 ’is the  neutron cap tu re  cross s e c t i o n  cap 
pro tons  a t  energy E, nt is 

t h e  average number of hydrogen n u c l e i  encountered per  

cm2 a f te r  t r a v e r s i n g  a d i s t a n c e  t below t h e  source l a y e r ,  

and Re is  t h e  solar r a d i u s .  

energy p e r  particle corresponding t o  the  temperature of 

Ea i s  t h e  average k i n e t i c  

the  m e d i u m  i n  which the cap tu re  

t h i s  case. T h i s  express ion  may 
.I. 

) 

takes place, or 8300OK i n  

be reduced t o  

I E O  
nt - Em3I2dE (s”) 
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us ing  t h e  p r e v i o u s l y  d e f i n e d  q u a n t i t i e s  and t h e  c o n d i t i o n  

7 - -  2 QJ -I t h a t  4 n R g S t Q  = neu t rons  s . Taking n t / n  = 7 . 7  x 1 0  c m  

as  t h e  e f f e c t i v e  d e p t h  i n t o  t h e  photosphere from which 

t h e  c a p t u r e  gamma r a y s  w i l l  c o n t r i b u t e  t o  a f l u x  a t  t h e  

Ea r th  (cor responding  t o  an a b s o r p t i o n  mean f r e e  p a t h  o f  

20  gms/cm2 i n  H f o r  2.2 MeV p h o t o n s ) ,  n = 1.5 x 1 0  

hydrogen n u c l e i  and b t  = 1 . 6  x 1 0  c m  (cf. Fowle r  

and Hashemil for  a p inch  effect  compression f a c t o r  Of 16), 

QJ 17 - 

5 
* 

g i v e s  a c a p t u r e  gamma r a y  f l u x  a t  the  E a r t h  of  t h e  order 

lo6 - 1 0  photons c m  

needed f o r  t h i s  estimate, s i n c e  t h e  mean t i m e  f o r  neut ron  

-2s'1. N o  decay loss c o r r e c t i o n  i s  7 

c a p t u r e  in hydrogen a t  t h e  d e n s i t y  i n d i c a t e d  i s  ~ 1 0 0  s 

compared t o  t h e  decay mean l i f e  t i m e  of % l o 0 0  s .  

From c u r r e n t  exper iments5 ,  t h e  cont inuous  emiss ion  of  

t h i s  gamma r a y  l i n e  f r o m  t h e  Sun i s  g iven  a t  a l i m i t i n g  

f l u x  of 10-2photons cm-2s-1. Even though neu t rons  

are w i t h o u t  doubt  produced cop ious ly  i n  n u c l e a r  r e a c t i o n s  

nea r  the  so la r  s u r f a c e  when s u f f i c i e n t l y  e n e r g e t i c  p a r t i c l e s  

are p r e s e n t ,  it is  d o u b t f u l  t hey  p l a y  a s i g n i f i c a n t  ro l e  i n  

t h e  energy i n p u t  i n t o  t h e  chromosphere and t h e  corona. Audouze6 
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’ has r e c e n t l y  commented on t h i s  neutron model of t h e  corona 

on other grounds. 
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